An improved common-path fast-scanning heterodyne interferometer system has been developed. The mechanical vibration is one of the most critical error sources in typical interferometry system. These errors can be mostly eliminated in a common-path interferometry using a full common-mode rejection scheme. Taking advantage of it, the common-path interferometry is suitable for the measurements in noisy environments and can be applied even to the scanning interferometry. A prototype common-path interferometer system with He-Ne laser has been constructed with the capability of fast scanning by adding a rotating polygon mirror. A test of this system has been completed successfully by measuring the thickness profile of the scratched glass. In this study, the interferometer system is proposed and discussed as a potential density profile diagnostics for dense plasmas. By using a CO 2 laser instead of a He-Ne laser, it may also be applied to get the time evolution of steep density profiles of plasma transport barriers in tokamak plasmas.
I. PRINCIPLES OF OPERATION
Because of its simple diagnostic principle and noninstrusive characteristics, interferometry is a widely used diagnostic technique for various applications such as optical testing, geometry, astronomy, surface profiling, plasma electron density measurement, and so on. In the interferometry, however, the accuracy of measurements is limited by the change of the optical path length due to mechanical vibration. A commonpath interferometry is one of the techniques for compensating the vibration errors by electrical common-mode rejection and optical common-mode rejection, which can be achieved by appropriate optical setting. 1 Noting that this scheme is suitable for the interferometry in noisy environments, a common-path interferometer system with fast-scanning capability was developed by adding a rotating polygon mirror for thin-film surface monitoring. 2 In this research, the performance of that system was improved by a full common-mode rejection scheme and optimization of the optical setting.
In the typical interferometry, a heterodyne technique is commonly used for more accurate measurement with two beams with slightly different wavelength. A basic principle of common-path interferometry is using two concentric beams of different radius, which propagate along the same optical path. Because the reference beam and the probing beam are combined and undergo the same optical path, the change of the optical path length of the beam line after two beams are combined is cancelled out. This is called the optical common-mode rejection. On the other hand, the change of the beam path before two beams are combined is not cancelled out in this scheme. In the heterodyne interferometry, however, the beam is divided into two parts, one for the reference detector and the other for the probing detector, and the beam path changes, before the division can be cancelled out during the phase comparison process since it equally contributes to the beat signal of two detectors. This is called the electrical common-mode rejection. Therefore, two beams must be combined before they are divided into two beam lines to apply the common-mode rejection scheme to all beam paths. 1 The line-integrated refractive index of the sample is obtained by measuring the interference of two beams with different radii. The broad reference beam measures the averaged refractive index of the sample plane while the narrow probing beam measures the refractive index of the local point. However, these two beams must become similar sizes on the photodiode detector to generate an interference pattern that corresponds to the optical path length difference between the two beams. In order to accomplish this, an appropriate beam size modulation scheme is required. Most existing common-path interferometer systems use a polarization optics 3, 4 or a birefringence material [5] [6] [7] with a partial common-mode rejection. Although the interferometer systems can be used as diagnostics of the vibrating or moving sample since the vibration effect of the sample can be cancelled out in this scheme, the changes of the optical path length in the main optical system still limit the accuracy of the measurements. In this study, an optimized lens set is used as a beam modulation system for a full common-mode rejection.
The vibration compensating effect of the full commonmode rejection with this new scheme has been verified by measuring optical path length resolutions in various interferometer setups with a He-Ne laser system as shown in Table  I . In the noncommon-mode rejection setup, measurements are possible only when the vibration is compensated. In the partial common-mode rejection setup, noises on the sample are cancelled out successfully while noises on the main sys- tem make measurements impossible. In the full commonmode rejection setup, the vibration noises from the whole system are mostly eliminated. The lowest resolution is observed when noisy sample is used since strong noises on the sample cause a swing of the interference pattern on the detector. This effect can be reduced by precision alignment of the beam lines. Based on these results, common-path interferometry can be applied to the scanning interferometry. The main problem of the scanning interferometry is that the optical path length of the beam line fluctuates significantly during the scanning process, and this problem can be resolved by applying the common-path technique. To stabilize the scanned beam after passing through the sample, a double reflection scheme has been applied. 8 With this technique, a scanned beam can be manipulated by appropriate lens system to modulate beam size and the swing of the interference pattern on the detector can be minimized.
II. EXPERIMENTAL SYSTEM SETUP
The schematic diagram of the common-path fastscanning heterodyne interferometer system with the double reflection scheme is shown in Fig. 1 . A He-Ne laser with the wavelength of 632.8 nm is used as a beam source. An acousto-optic modulator that has modulation frequency of 80 MHz and a deflection angle of 5°is used for the heterodyne measurement configuration. The reference beam is expanded by the lens system and combined with the narrow probing beam. Angle-tunable optical mounts are used in beam combining system for the alignment of both the center and the angle of each beam. After passing a beam-combining system, the combined beam is divided into two parts, one beam for the reference detector and the other beam for the probing detector. A rotating eight-faced polygonal mirror with the rotating speed of up to 10 000 rpm is used to scan the beam for probing detector. Rotating speed of the scanning mirror determines spatial and time resolution of the measurements.
The scanned beam is collimated with the convex lens and pass through the sample. The probe beam size is smaller than 50 m while the effective reference beam size is about 1 mm at the sample. The beam reflected by mirror undergoes the same optical path once again in the reverse direction in this double reflection scheme. The reflected beam is manipulated by the beam size modulation system that consists of several lenses instead of polarization optics or birefringence material, and it is focused onto the probing detector. Wave front curvature radii of two beams must be sufficiently large with similar values on the detector to increase the alternating current amplitudes of signal. The size of the reference beam on the probe detector must be reduced to keep the effective area of the reference beam on the sample as large as possible. To achieve these conditions, optimization of the optical design has been performed with appropriate alignment condition analyses. In this study, signals have been acquired by fast oscilloscope and phase differences between acquired signals have been calculated by the computer code for more accurate analyses.
III. RESULTS AND DISCUSSION
The proposed interferometer system has been successfully demonstrated by measuring thickness profiles of a scratched glass. The stability test has been performed for this system by measuring the optical path length profile repeatedly without the sample. Without scanning, the resolution of the optical path length with a full common-mode rejection scheme has been measured to be 8 nm as shown in Table I . The resolution of less than 10 nm can be achieved even with the scanning process as shown in Table II for the variation of the mean optical path length difference. Since the effect of the mechanical vibration is negligible in the single scanning process, the stability of the single scanning process is less than 4 nm as shown in Table II . This result is consistent with the result of the vibration-compensated case in Table I . In this case, the main source of the error is the swing of the interference pattern on the detector during the scanning process due to imperfect alignment, and the resolution can be improved with more accurate alignment. However, the resolution after eliminating vibration and alignment effect (shown as the shape repeatability in Table II) is still limited to the value of 1 nm. This limit is due to small jitters in the signal, which mainly comes from the distortion of the sine wave of the modulated beam due to electronic noise and longitudinal mode spacing of the laser. The test has been completed by inserting a scratched glass as a test sample, and the scratch can be clearly seen as shown in Fig. 2 .
With the successful demonstration of the common-path fast-scanning interferometer system, local plasma electron density profiles may be obtained with reasonable time resolution depending on the scanning speed when this interferometer system is applied to dense plasmas. A scanning interferometry differs from imaging or multichannel diagnostics in the number of spatial measuring points. It can provide enough spatial points over 1000 points within the range of several millimeters to study steep density profiles with a good time resolution, and the number of spatial measuring points can be easily increased further by sacrificing the time resolution. With this interferometer system, the spatial resolution of density profile measurements is limited by the minimum beam radius, which is about 100 times larger than the beam wavelength. Although the data inversion process, which is necessary for interferometry, also blurs the density profile, the density profile can be reconstructed fairly well with the help of well-developed inversion techniques and a sufficient number of the measurement values.
When the He-Ne laser is used as a beam source, however, applications of the developed technique as plasma diagnostics are limited only to the highly dense plasmas with densities of about 10 15 cm −3 . Therefore, this technique may be suitable only for laser-induced plasmas or arc discharges, not for tokamak plasmas. Fortunately, this technique may be used in the tokamak plasmas by increasing the beam wavelength. If the common-path fast-scanning interferometer system is successfully developed with a CO 2 laser as a beam source instead of the He-Ne laser, it will be applicable for tokamak plasmas with the density resolution of 10 13 cm −3 , spatial resolution of several hundred micrometers, and a scan length of several centimeters. This CO 2 laser system can be used for the analysis of the steep density profile occurring near plasma transport barriers such as H-mode transition in tokamak plasmas.
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